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Abstract: The effect of the binding of CRP to the symmetrically synthetic 22,
28, and 30 bp lac promoter was investigated by 'H NMR. The binding of
CAMP*CRP to the 22 bp DNA did not bring about any changes in the chemical
shift values, but did cause sclective line broadening of imino proton resonances
of specific base pairs. However, The binding of cAMP*CRP to the 28 and 30 bp
DNA brought about large changes on the imino proton resonances that seems to
be induced by DNA bending. We studied also the role of cAMP as an activator
of DNA/CRP complex formation by gel mobility shift assay. Gel mobility shift
assay revealed that the cAMP*CRP complex was not able to bind to the 22 bp

DNA fragment, but was able to bind to the 28 bp DNA fragment of /ac promoter
region.

INTRODUCTION

CRP, also known as catabolite gene activator protien (CAP), regulates the
transcription of several catabolite-sensitive genes in Escherichia coli. CRP itself
interacts weakly and nonspecifically with DNA. However, its complex with cAMP
recognizes a specific sequence of DNA and binds to the DNA strongly, suggesting a
conformational changes in CRP upon association with cAMP.* From our NMR studies,

it has been suggested that the contraction of CRP is induced by cAMP binding and the



32 Sang -Ho Park et al. / J. Kor. Magn. Reson. Soc., Vol. 1, No. 1, 1997

conformational transition mostly occurs when one cAMP molecule binds to one of the
dimer subunits >
A large number of oligonucleotides of CRP binding sites have been sequenced
and a consensus sequence has been proposed.’ These sites are 22 bp in length and
contain one 5(TGTGA)3' motif and a second sequence, symmetrically related to the
first motif, which exhibits various degrees of symmetry. The completely symmetrical
site is known to bind to CRP better than a natural site, such as the lac promoter site.¢
In this work, we studied the binding aspect of CRP to 22, 28 and 30 bp DNA to
discuss the degree of DNA bending. We also investigated the role of cCAMP as an
activator of CRP*DNA complex formation. By using gel mobility shift assays, We
delineated the mechanism by which cAMP activates CRP to bind to the 22 bp and 28
bp symmetrical DNA fragments containing a TGTGA motif.

MATERIALS AND METHODS

Purification of CRP

CRP was purified from a plasmid-harboring E. coli K12 pp47.’ CRP was
purified by cation-exchange chromatography and adsorption chromatography
methods. The Bio-rex 70 resin and the hydroxyapatite (HTP) gel were equilibrated
with 50 mM potassium phosphate (pH 7.0) and 0.1 mM EDTA (column buffer). After
the sample was loaded, the column was washed throughly with column buffer. Bound
CRP was eluted with a potassium chloride salt gradient (Bio-rex 70, 0.2-0.8 M KCI,
HTP, 0.4-1.0 M KCI) in column buffer. Purified samples were analyzed by sodium
dodecyl sulfate/polyacrylamide gel electrophoresis, and were concentrated by
ultrafiltration (Centricon, Amicon). The concentration of CRP was determined

spectrophotometrically with &2s0=4.1 X 10M ' cm™ for the dimer.
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Synthetic DNA Fragments

Three oligonucleotides were prepared by phosphoamidite synthesis on a 10
1 mol scale, using a model 381A DNA synthesizer (Applied Biosystems Co.) :
22 bp lac promoter oliogonucleotide, 5’-TAATGTGAGTTAGCCTCACTCAT-3’
22 bp symmetrical oligonucleotide, 5'-TAATGTGAGTTAACTCACATTA-3'
28 bp symmetrical oligonucleotide,
S-AATTAATGTGAGTTAACTCACATTAATT-3'
30 bp symmetrical oligonucleotide,
5'-TAATTAATGTGAGTTAACTCACATTAATTA-3'

These oligonucleotides were annealed by heating at 90 C for 3 min, followed
by slow-cooling to room temperature. Double-stranded oligonucleotides were
purified by passage through pyridine Dowex, sodium Dowex, Chelex (BIO-RAD),
and Sephadex G-25 columns (Pharmacia). End-labeling with [ 7 P] ATP using T4
polynucleotide kinase was performed according to the manufacturer's instructions
(New England BioLabs, Beverly, MA).

NMR Measurements

'H-NMR spectra were recorded on JEOL GSX 400 and Bruker AMX 500
NMR spectrometers. Chemical shift values are quoted in ppm downfield from the
methyl group resonance of 2,2-dimethyl-2-silapentane-5-sulfonate. The NMR spectra
were recorded at 30°C and the pH of the samples was 6.7. Spectra in H20 were

recorded by means of the 1-1 echo water suppression pulse technique.

Gel Mobility Shift Assay
In general, 6.5, 13, and 26 ng of CRP with/without cAMP was incubated with 2
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ng of 3?P-labeled DNA fragment at 25°C for 1 hour in a reaction buffer consisting
of 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM dithiothreitol (DTT), 10% (v/v) glycerol,
and 50 mM NaCl in a final volume of 25 1. The mixtures were analyzed by
electrophoresis in a 6% nondenaturing polyacrylamide gel. The buffer was 0.5 X TBE
buffer (45 mM Tris-HCI, 44 mM boric acid, and 10 mM EDTA). The gel was run at
180 V for lhour at 4 C, and was fixed in a mixture of 5% acetic acid and 5%

methanol for 30 minutes. The gel was then dried and exposed to film.

RESULTS

Assignment of the oligonucleotide imino proton resonances

The imino proton resonances of the oligonucleotides were assigned from the
NOE effects on the imino proton of their neighboring base pairs in a series of one-
dimensional NOE experiments (Fig. 1). This assignment was ascertained by
temperature-dependent broadening of the imino proton resonance; with increased
temperature, broadening of the signal occurred in a sequential manner form the
termini. The 28 and 30 bp DNA contain the same sequence as the 22 bp symmetrical
DNA with an additional AAT and TAAT sequence at both terminals, respectively.
Thus, the assignment of the GC imino proton region is unaffected, but it is hard to
assign the additional AT base pair due to the severe overlap of the AT imino proton

resonarnce region around 13.4 ppm (Fig. 2, Fig. 3).

Effects of cAMP*CRP on the imino proton resonances of the symmetrical 22, 28
and 30 bp lac promoter fragment
When cAMP*CRP was added to the 22 bp DNA, specific line broadening of the

imino proton resonances was observed, no changes in the chemical shift values was
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Fig. 1. The reference and NOE difference spectra (off-resonance minus on-resonance)
of the 22 bp oligonucleotides. The top spectra are reference spectra of the 22 bp lac
promoter oligonuleotide and the 22 bp symmetrical one, respectively. The imino
protons of the GC base pairs of the symmetrical 22 bp DNA were irradiated
sequentially. The imino protons of AT base pairs also were irradiated sequentially
(data not shown). The concentration of the DNA was 1 mM. The buffer was 50 mM
potassium phosphate and 0.2 M KCI, pH 6.7.

detected. Specifically, resonances of two base pairs (TA 4, GC 5) and the resonance

at 13.5 ppm that contains the resonances of TA 6 and TA 11 were broadened as a
result of the complex formation with cAMP*CRP (Fig. 2). When cAMP*CRP was
added to the 28 bp DNA, however, large signal changes were observed. The
resonances of the base pairs (TA 4, GC 5, GC 7, and GC 9) and the resonance of

down-field region around 13.45 ppm were weakened. In addition, new peaks
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appeared at the shoulders of peaks at 12.56 and 12.55 ppm, as indicated by the arows
(Fig. 3). This results show that bound cAMP*CRP induces a significant structural change
in the DNA.

IS4 PE TS INUMUUNET SN
1 dTAATGTGAGTTAACTCACATTA
-] ATTACAOTCAATTGAGTATYAATd

Fig. 2. Effects of the binding of cAMP*CRP on the imino proton resonances of 22 bp
DNA. cAMP*CRP was titrated to DNA with ratio of 1.0. The molar ratio of cAMP
to CRP was 5. The concentration of 22 bp DNA was 0.3 mM. The spectra were
recorded in 50 mM potassium phosphate, 0.2 M KCl, 90% H20, 10% D20, pH 6.7,
30 C.

From the pattern of the resonance changes, it seems likely that cAMP*CRP induced
DNA bending. When cAMP*CRP was added to the 30 bp DNA, the overall changes
of resonances were same with those of 28 bp DNA (Fig. 4). Therefore, it can be

thought that the bending degree of 30 bp DNA is same with that of 28 bp DNA

Gel Mobility Shift Assays
Gel mobility shift assays are a facile method to determine the specificity of
protein binding to DNA, and to provide a means of quantitating DNA/protein

complex formation.* We used a gel mobility shift assay to study how cAMP activates
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CRP to bind to 22 bp and 28 bp symmetrical DNA fragments containing a TGTGA
motif, which were derived from the lac promoter. To determine the lowest amount of
CRP that would provide an optimal level of complex, we used a fix concentrated CRP
with cAMP. Fig. 5-a indicates that 26 ng of CRP was the amount ed amount of

labeled 22 bp and 28 bp DNA fragments (2 nM) and aliquots of highly concentrated
CRP with cAMP.

123450700 URNNDNERVESERR
SAATYAATETRAGTTAACTCACATTAATYT
TTAATTACACTCAATTRASTATAATTAAY

14 13 12

Fig. 3. Effects of by the binding of cAMP*CRPon the imino proton resonances of 28
bp DNA. cAMP*CRP was titrated to DNA with ratio of 1.0. The molar ratio of
cAMP to CRP was 5. The concentration of 28 bp DNA was 0.3 mM. The
experimental condition was same with Fig. 2.

Fig. 5-a indicates that 26 ng of CRP was the amount that allowed the formation of the
greatest amount of complex; below 26 ng, complex formation was reduced. The
temperatures for the incubation and the electrophoresis conditions were optimized to
enhance the stability and activity of DNA/protein binding. We also compared the
binding affinity of CRP to the 22 bp DNA with that of the 28 bp DNA with/without
CAMP, respectively. Fig. 5-b shows that CRP did not bind to the 22 bp DNA, but
would bind to the 28 bp DNA only when CRP was activated by cAMP binding.
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DISCUSSION

CRP possesses a helix-turn-helix motif, which has been shown to be present in
many bacterial DNA-binding pro teins. It has been proposed that the helix-turn-helix
motif of CRP interact with DNA’ In addition, C-terminal region of CRP has been
proposed to participate in DNA binding and to be important in DNA bending.*

12340075 PUNABUSSVIRRED
CTAATTAATE TGRS TTAACTCACATTAATYA
ATTAATYACACTCAAYTAAGTOTAATYAAYS

PPM
14 13 12

Fig. 4. Effects of the binding of cAMP*CRP on the imino proton resonances of 30 bp
DNA. cAMP*CRP was titrated to DNA with ratio of 1.0. The molar ratio of cCAMP
to CRP was 5. The concentration of 30 bp DNA was 0.3 mM. The experimental

condition was same with Fig. 2.

The 'H NMR resonances of the DNA imino protons can be conveniently used
for the detection of local changes in the helix conformation induced by the binding of
a protein, as these resonances do not generally overlap with protein signals. Being
located in the interior of the helix, the imino protons provide a sensitive probe for

changes in the DNA helix conformation. The binding of cAMP*CRP to 22 bp DNA

induces a no changes in the chemical shift values of the imino protons. From gel
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electrophoresis analyses, CRP has been shown to induce a bending in its binding site
at the lac promoter.© Therefore, no change in the chemical shift values is incompatible
with the model of DNA bending. However, the binding of cAMP*CRP

to 28 and 30 bp DNA induces changes in the chemical shift values of the imino proton
resonances and induces a specific line broadening in two imino proton resinances (TA

4, GC 5). Therefore the binding of cAMP*CRP to the 28 and 30 bp

(a) (b)

1 2 3 4 5 6 7 38 1 2 3 4 5 ¢

Fig. 5. (a) Determination of the optimal binding activity of cAMP*CRP (5:1) on the 22 bp and
28 bp DNA. 2 ng 32P-labeled DNA fragment was incubated with varying levels of
cAMP*CRP, followed by electrophoresis through a 4% native polyacrylamide gel. The results
are visualized by autoradiography. Lane 1 and lane 5 contain labeled 22 bp and 28 bp DNA
fragments without cAMP*CRP addition as a DNA control, respectively. Lanes 2~4 and
lanes 6~8 are the labeled 22 bp and 28 bp DNA fragment, respectively, incubated with
CAMP*CRP at concenrations of 6.5, 13, and 26 ng. (b) Determination of the binding activity
of CRP on the 22 bp and 28 bp DNAs with and without cAMP. Lane 1 and lane 4 contain
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labeled 22 bp and 28 bp DNA as a control, respectively. Lane 2 is the labeled 22 bp DNA
fragment incubated with CRP at a concentration of 26 ng. Lane 3 is the labeled 22 bp DNA
fragment incubated with the AAMP*CRP (5:1) complex at same concentration of CRP. Lane 5
and lane 6 are the labeled 28 bp DNA fragment incubated with CRP and the cAMP*CRP
complex at a 26 ng concentration of CRP. The letter C indicates the cAMP*CRP*DNA
complex (upper bands), and the letter F indicates the free 22 bp and 28 bp DNAs (bottom
bands).

DNA seems to induce DNA bending. It is likely that CRP requires DNA longer
than a 22 bp to bend it. Since the aspect of spectral change of 30 bp DNA was same
substantially with that of 28 bp DNA, it can be easily imagined that the bending degree
of 30 bp DNA is same with that of 28 bp DNA. In addition to the 22 bp consensus
sequence, the 28 and 30 bp DNA contain distal binding domains that contribute to the
full protein binding affinity and seem to be important for DNA bending. The distal
binding domains may wrap around the CRP, stabilizing the binding and leading to a
bending in the DNA. Interactions with these distal binding domains are thought to be
electrostatic and non-specific. Judging from our experiments, it could be suggested
that the helix-turn-helix motif of CRP interacts with 5-bp consensus sequence,
5'TGTGA3', of DNA, and C-terminal region of CRP interacts with terminal base pairs
of 28 bp and 30 bp DNA. On the assumption that the length of DNA sequence is
longer than 28 base pair, it could be infered that the bending aspect of cAMP*CRP to
DNA would be same. However, binding aspect of c(AMP*CRP to longer DNAs than
30 bp have to be studied, to gain more accurate information about the bending aspect
of DNA.

NMR data demonstrated that cAMP*CRP bound to symmetrical 22 bp and 28
bp DNA fragments containing a TGTGA motif, derived from the Jac promoter and 28
bp DNA was bent by the binding of cAMP*CRP. However, gel mobility shift assay
showed that CRP did not bind to the 22 bp DNA, but would bind to the 28 bp DNA
only when cAMP was added to CRP. The difference between the NMR results and gel
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mobility shift assay results can be explained as followings: Since a very concentrated
sample was used in the NMR studies, compared to that in the gel mobility shift assays,
the CAMP*CRP could bind to the 22 bp and 28 bp DNAs in NMR experiments,
regardless of their binding affinity. Since the binding constant of the cAMP*CRP to
the 22 bp DNA was weaker than that to the 28 bp DNA, the cAMP*CRP could not
bind to 22 bp DNA at a very low concentration, as in gel mobility shift experiments.
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FIGURE LEGNEDS

Fig. 1. The reference and NOE difference spectra (off-resonance minus on-resonance)
of the 22 bp oligonucleotides. The top spectra are reference spectra of the 22 bp lac
promoter oligonuleotide and the 22 bp symmetrical one, respectively. The imino
protons of the GC base pairs of the symmetrical 22 bp DNA were irradiated
sequentially. The imino protons of AT base pairs also were irradiated sequentially
(data not shown). The concentration of the DNA was 1 mM. The buffer was 50 mM
potassium phosphate and 0.2 M KCl, pH 6.7.

Fig. 2. Effects of the binding of cAMP*CRP on the imino proton resonances of 22 bp
DNA. cAMP*CRP was titrated to DNA with ratio of 1.0. The molar ratio of cAMP
to CRP was 5. The concentration of 22 bp DNA was 0.3 mM. The spectra were
recorded in 50 mM potassium phosphate, 0.2 M KCl, 90% H:0, 10% D:0, pH 6.7,
30 C.

Fig. 3. Effects of by the binding of cAMP*CRPon the imino proton resonances of 28
bp DNA. cAMP*CRP was titrated to DNA with ratio of 1.0. The molar ratio of
cAMP to CRP was 5. The concentration of 28 bp DNA was 0.3 mM. The

experimental condition was same with Fig. 2.

Fig. 4. Effects of the binding of cAMP*CRP on the imino proton resonances of 30 bp
DNA. cAMP*CRP was titrated to DNA with ratio of 1.0. The molar ratio of cAMP
to CRP was 5. The concentration of 30 bp DNA was 0.3 mM. The experimental

condition was same with Fig. 2.
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Fig. 5. (a) Determination of the optimal binding activity of cAMP*CRP (5:1) on the
22 bp and 28 bp DNA. 2 ng P-labeled DNA fragment was incubated with varying
levels of cAMP*CRP, followed by electrophoresis through a 4% native
polyacrylamide gel. The results are visualized by autoradiography. Lane 1 and lane 5
contain labeled 22 bp and 28 bp DNA fragments without cAMP*CRP addition as a
DNA control, respectively. Lanes 2~4 and lanes 6 ~8 are the labeled 22 bp and 28
bp DNA fragment, respectively, incubated with cAMP*CRP at concenrations of 6.5,
13, and 26 ng. (b) Determination of the binding activity of CRP on the 22 bp and 28
bp DNAs with and without cAMP. Lane 1 and lane 4 contain labeled 22 bp and 28 bp
DNA as a control, respectively. Lane 2 is the labeled 22 bp DNA fragment incubated
with CRP at a concentration of 26 ng. Lane 3 is the labeled 22 bp DNA fragment
incubated with the cAMP*CRP (5:1) complex at same concentration of CRP. Lane 5
and lane 6 are the labeled 28 bp DNA fragment incubated with CRP and the
cAMP*CRP complex at a 26 ng concentration of CRP. The letter C indicates the
cAMP*CRP*DNA complex (upper bands), and the letter F indicates the free 22 bp
and 28 bp DNAs (bottom bands).



